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Abstract

Despite a number of serious challenges and limitations in clinical use,
drug therapy is considered one of the most common approaches to treat-
ing cancer. However, many types of cancer become resistant to anti-
tumor drugs. Modern supramolecular chemistry provides a variety of
compounds and materials that can be used to develop targeted drug de-
livery approaches, thereby enhancing therapeutic efficacy. Dendrimers
are one example of such materials. This study presents an approach to
creating supramolecular systems based on poly(amidoamine) den-
drimers with a thiacalix[4]arene core (PAMAM-calix-dendrimers), capa-
ble of binding and delivering 5-fluorouracil (5-Fu). Fluorescence spec-
troscopy has demonstrated the good binding of 5-Fu by G1-G3 PAMAM-
calix-dendrimers (logK, = 3.15-3.62) regardless of the macrocyclic core
conformation. Self-assembly of the PAMAM-calix-dendrimers/5-Fu su-
pramolecular systems was studied by dynamic light scattering and
transmission electron microscopy. Loading and release of 5-Fu were
evaluated by UV-Vis spectroscopy. The encapsulation efficiency and
loading capacity increased slightly in the following order: G3-cone < G3-
paco < G3-alt. For all dendrimers studied, 95% release of 5-Fu was ob-
served within 4 h. An in vitro HeLa tumor cell model showed a positive
trend (up to 20%) toward overcoming resistance to 5-Fu chemotherapy
when G3-alt is used. These results provide proof of concept for using
macrocyclic dendrimers to create anticancer drug delivery systems.
Key findings

® G1-G3 PAMAM-calix-dendrimers efficiently bind 5-fluorouracil with logKa = 3.15-
3.62.

e Supramolecular systems based on PAMAM-calix-dendrimers and 5-fluorouracil
are formed.

e Antitumor activity of the PAMAM-calix-dendrimers/5-fluorouracil systems is eval-
uated.

© 2025, the Authors. This article is published in open access under the terms and conditions of the Creative
Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/), which permits unre-

stricted reuse of the work in any medium provided the original work is properly cited.

1. Introduction

Cancer remains a significant public health challenge world-
wide and is one of the leading causes of death. Recent data
from the World Health Organization (2025) underscores
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the scale of this issue, reporting that cancer was responsi-
ble for one in six deaths in 2020 [1]. The effectiveness of
traditional chemotherapy is often limited by significant
drawbacks, including pronounced systemic toxicity and in-
sufficient activity against certain types of cancer [2,3]. The
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development of drug delivery systems for anticancer ther-
apy remains a highly relevant task in modern oncology,
primarily aimed at overcoming the limitations of tradi-
tional chemotherapy [4,5]. These carriers are engineered
to enhance the therapeutic index of drugs by improving
their solubility, prolonging their circulation time, and fa-
cilitating their selective accumulation at the tumor site
through the enhanced permeability and retention effect
[6,7]. Among the vast array of polymers investigated for
constructing drug delivery systems, dendrimers have
emerged as a particularly promising class due to their
unique, well-defined, and highly branched architecture,
which allows for precise control over functionalization
and drug loading [8-12]. Poly(amidoamine) (PAMAM)
dendrimers are the most extensively studied archetype in
this family [13,14]. Their cationic surface and internal cav-
ities enable efficient encapsulation of various therapeutic
agents [15,16]. One of the most commonly used chemo-
therapeutic agents in recent decades is 5-fluorouracil (5-
Fu) [17,18]. 5-Fu is a useful model compound for studying
interactions structures, including
PAMAM dendrimers [19]. Thus, the ability of encapsulat-
ing 5-Fu in the 4th and s5th generations of modified and
unmodified PAMAM dendrimers was demonstrated, and

with dendrimeric

the biological activity of the resulting systems was evalu-
ated [20-25]. However, it should be noted that such sys-
tems are usually created using higher, more toxic genera-
tions.

Despite their considerable potential, the clinical use of
PAMAM dendrimers is hindered by their dose-dependent
toxicity, which is largely attributed to the high cationic
charge density of the peripheral amine groups. These
groups can disrupt cell membrane integrity, leading to he-
molysis and cytotoxicity [26]. Previous works by our re-
search group have demonstrated the replacement of the
classical PAMAM dendrimer core with a macrocyclic thia-
calix[4]arene platform [27-29]. This structural modifica-
tion yielded first-, second-, and third-generation PAMAM-
calix-dendrimers capable of binding and delivering a wide
spectrum of biomolecules, from low-molecular-weight cat-
echolamines to proteins, enzymes, and nucleic acids [27-
33]. A notable discovery was the inverse correlation be-
tween PAMAM-calix-dendrimer generation and cytotoxi-
city, which differs from the trends observed with classical
dendrimer systems [34].

In this work, the interaction of 5-Fu with Gi1-G3
PAMAM-calix-dendrimers with a macrocyclic core in vari-
ous stereoisomeric forms (cone, partial cone, and 1,3-alter-
nate) was studied for the first time. Self-assembly of supra-
molecular systems based on PAMAM-calix-dendrimers and
5-Fu was studied by dynamic light scattering and transmis-
sion electron microscopy. The antitumor activity of the
PAMAM-calix-dendrimer/5-Fu systems was demonstrated.
The obtained results can be used to create delivery systems
for antitumor drugs.
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2. Materials and Methods

2.1. General Information

All spectral studies were performed in phosphate-buffered
saline (PBS) (50 mM, pH = 7.4). 5-Fluorouracil (5-Fu) was
purchased from Macklin (China). PAMAM-calix-dendrimers
G1-G3 were synthesized according to the previously pub-
lished procedures [27-29].

2.2. Fluorescence spectroscopy

Fluorescence spectra were recorded on a Fluorolog 3 lumi-
nescent spectrometer (Horiba Jobin Yvon, Longjumeau,
France). The excitation wavelength was selected as 280 nm.
The emission scan range was 300-530 nm. Excitation and
emission slits were 6 nm. Quartz cuvettes with an optical
path length of 10 mm were used. The cuvette was placed at
the front face position to avoid the inner filter effect. Fluo-
rescence spectra were automatically corrected by the Fluo-
rescence program. Fluorescence spectra of the PAMAM-
calix-dendrimer/5-Fu mixtures were measured at 25 °C. Al-
iquots of 10 mM solution of 5-Fu (30, 60, 90, 120, 150, 180,
210, 240, 270, 300, 330, 360, 390, 420, and 450 uL) were
added to 100 uL of PAMAM-calix-dendrimer solutions
(10 pM) and diluted to a final volume of 3 mL with PBS. The
fluorescence spectra of the resulting solutions were rec-
orded. Three independent experiments were conducted for
each system. The stability constants were calculated by the
Bindfit software [35,36].

2.3. Dynamic light scattering (DLS)

The distribution of particles by number, volume, and inten-
sity, as well as the polydispersity index were determined by
dynamic light scattering (DLS) on a Zetasizer Nano ZS in-
strument (Malvern Instruments, Worcestershire, UK) in
quartz cuvettes. The instrument is equipped with a 4 mW
He-Ne laser (633 nm). Measurements were performed at a
detection angle of 173°. The error in determining the parti-
cle size is less than 2%. The results were processed by the
Zetasizer Software 7.11. The concentration of compounds
was 10 pM when studying the self-assembly of PAMAM-
The PAMAM-calix-
dendrimers (10 M) and 5-Fu (10 pM) (1:1 ratio) were pre-

calix-dendrimers. mixtures  of
pared to study the aggregation of the dendrimers with the
drug. The solutions were kept for 1 h, and then the sizes of
the formed particles were measured. The particle sizes
were measured 24 and 168 h after the preparation of the
solutions to assess their kinetic stability under similar con-
ditions.

2.4. Electrophoretic light scattering

Zeta (Q) potentials were determined by electrophoretic light
scattering (ELS) on a Zetasizer Nano ZS from Malvern In-
struments (Worcestershire, UK). Samples were prepared as
described for the DLS measurements and were transferred
with a syringe to the disposable folded capillary cell for
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measurement. The zeta potentials were measured using the
M3-PALS method and averaged over three measurements.

2.5. Transmission electron microscopy (TEM)

ARTICLE

2.7. Antitumor activity

TEM measurements were performed at the Interdiscipli-
nary Center for Analytical Microscopy of Kazan Federal
University. Analysis of samples was carried out using a Hi-
tachi HT7700 Exalens transmission electron microscope
(Tokyo, Japan) with an Oxford Instruments X-Maxn 80T
EDS detector operated in STEM mode. Samples of G3
PAMAM-calix-dendrimers (10 uM), and the system based on
G3 PAMAM-calix-dendrimers (10 pM) and 5-Fu (10 uM)
were prepared similarly to those studied by the DLS
method. Deionized water was used as a solvent. Aliquots
(10 pL) of the solutions were placed on a carbon-coated
3 mm copper grid and dried at room temperature using a
special holder for microanalysis. After drying, the grid was
placed in the transmission electron microscope and ana-
lyzed at an accelerating voltage of 80 kV.

2.6. In vitro loading and release of 5-Fu

Study of in vitro loading and release of 5-Fu was conducted
at 25 °C. Mixtures (total volume 5 mL) of 5-Fu (1 mM) and
G3 PAMAM-calix-dendrimers (100 pM) were prepared in
PBS (pH=7.4). The resulting solutions were stirred for 12 h
to ensure equilibration of the encapsulation process. The
mixtures were then transferred to a dialysis bag
(MWCO = 1 kDa) and washed twice against PBS for 10
minutes to remove any unbound 5-Fu. The amount of re-
leased 5-Fu was monitored by UV-Vis spectroscopy (at
265 nm) with reference to a standard solution. The encap-
sulation efficiency (EE) and loading capacity (LC) were cal-
culated based on the obtained data using the following
equations:

5-Fu 5-Fu
m - m
EE (%) — ( total — free > . 100’ (1)
total
5-Fu 5-Fu
m, =
LC (%) =<%>.100’ (2)

5-
to

where m>1 is total mass of 5-Fu in dialysis system, g; m> -+
is mass of washed/unbound 5-Fu, g; m® is mass of G3
PAMAM-calix-dendrimer in dialysis system, g.

The drug-release ability of the resulting PAMAM-calix-
dendrimer/5-Fu systems was then assessed. The solutions
obtained in the previous stage of the work were dialyzed
again (MWCO = 1 kDa) against PBS (45 mL, pH = 7.4). Drug
release was detected by taking a sample (3 mL) of the dial-
ysis medium, measuring its UV-Vis spectrum and then re-
turning it to the dialysis system. UV-Vis spectra were rec-
orded at 5, 10, 15, 20, 30, 40, 50, 60, 75, 90, 105, 120, 135,

150, 180, 210, and 240 min.
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Cytotoxicity experiments were carried out on HeLa (human
cervical adenocarcinoma). Cells were grown in DMEM (glu-
cose content - 4.5 g/L, L-glutamine - 4 mM; Life Technolo-
gies, Paisley, UK), supplemented with inactivated fetal bo-
vine serum (FBS; 10% v/v; Life Technologies, Paisley, UK)
and antibiotics streptomycin 100 pg/mL and penicillin
100 U/mL (MilliporeSigma, Burlington, MA, USA). Cells
were cultivated in culture flasks with a 25 cm? surface area
under standard adherent condition at 37 °C in a humidified
air atmosphere with 5% CO- content and were passaged 2-
3 times per week upon reaching 80% confluence.

For studies of the combined cytotoxicity of G3 PAMAM-
calix-dendrimers and 5-Fu, the cell lines were seeded at
1-105 cells/mL in 100 pL of suitable culture medium in 96-
well plates (1-104 cells/well). Cells were preincubated for
24 h followed by an additional 72 h after adding com-
pounds. PAMAM-calix-dendrimers and 5-Fu for treatment
were preincubated for 1 h in deionized water at various con-
centrations at room temperature.

Cytotoxicity was evaluated using the MTT-test (Thia-
zolyl Blue Tetrazolium Bromide, Carl Roth, Karlsruhe, Ger-
many) in HeLa cells. Absorbance was measured on a Wallac
1420 Multilabel Counter (Wallac Oy PerkinElmer, Turku,
Finland) at 570 nm, using a reference wavelength of
630 nm for MTT. The toxicity parameter was defined as the
inverse of cell viability, where the control value of un-
treated cells was taken as 0% and the negative control of
no cells was taken as 100%. Experiments were conducted
in six independent replicates. Differences between groups
were assessed using one-way analysis of variance (ANOVA),
followed by post-hoc analysis using the Newman-Keuls
method.

3. Results and Discussion

3.1. Complexation and aggregation of G1-G3
PAMAM-calix-dendrimers with 5-Fu

First-, second-, and third-generation (G1-G3) PAMAM-calix-
dendrimers (Figure 1) with macrocyclic core in stereoiso-
meric forms (cone, partial cone, and 1,3-alternate), previ-
ously obtained by our research group [27-29], were taken
as objects for this research. These compounds have proven
to be carriers capable of binding a wide range of guest mol-
ecules [27-33]. 5-Fu was chosen as the guest molecule be-
cause it is a well-known anticancer drug that was widely
used since 1950s to treat various types of cancer [17]. De-
spite a number of advantages of the drug, its clinical use is
limited due to the development of resistance of cancer cells
to it [37,38]. In this regard, the development of new deliv-
ery systems is considered as one of the approaches to im-
prove the effectiveness of drug therapy.

DOI: 10.15826/chimtech.9369
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Figure 1 The structures of the objects of this research.

3.1.1. Complexation of G1-G3 PAMAM-calix-dendrimers
with 5-Fu
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3.1.2. Self-association of G1-G3 PAMAM-calix-

dendrimers and aggregation with 5-Fu

The first stage of the work was to evaluate the interaction of
G1-G3 PAMAM-calix-dendrimers with 5-Fu by fluorescence
spectroscopy. PBS solution (pH = 7.4) was used as the sol-
vent, since under physiological conditions, the hydrogen in-
dex of blood ranges from 7.35 to 7.45 [39]. We have previ-
ously shown that PAMAM calix dendrimers have intrinsic flu-
orescence [27-29]. Fluorescence titration was performed to
establish the association constants of PAMAM-calix-
dendrimers with 5-Fu (Figure 2). The PAMAM-calix-
dendrimer/5-Fu ratio ranged from 1:0 to 1:150, while the
concentration of dendrimers was kept constant constant
(CpAMAM-calix-dendrimer = 10 UM). The association constants were
calculated using the BindFit software [35,36]. The stoichiom-
etry of complexation for all systems was 1:1. The dendrimer
generation (G1-G3) was found to have no significant effect
on the association constant of PAMAM-calix-dendrimers with
5-Fu, indicating a similar mechanism of drug encapsulation
regardless of the macromolecule conformation (Table 1). Ap-
parently, the binding of 5-Fu molecules occurs due to the lip-
ophilic macrocyclic core, while the size of the hydrophilic
dendrimer branches has little effect on the process.

Table 1 Logarithm values of association constants (logK,) obtained
for the PAMAM-calix-dendrimer/5-Fu systems via fluorescence ti-
tration in PBS (pH = 7.4, 25 °C).

confcfl?l:l:ltion G1 G2 G3
cone 3.15 + 0.02 3.51 + 0.24 3.40 + 0.01
partial cone 3.51 £ 0.01 3.45 £ 0.01 3.44 £ 0.02
1,3-alternate 3.42 + 0.02 3.62 £ 0.01 3.47 £ 0.02
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Self-assembly is one of the key processes in the develop-
ment of targeted drug delivery systems [40-42]. The most
important aspect here is particle size control, since their
diameter determines their ability to overcome biological
barriers, effectively penetrate cells through endocytosis,
and avoid premature elimination from the body. The dy-
namic light scattering (DLS) method is widely used in the
study of colloidal particles, especially solutions of macro-
molecules and molecular assemblies.

The next stage was the study of self-assembly of PAMAM-
calix-dendrimers without and with 5-Fu by DLS. Initially, the
self-assembly of Gi1-G3 PAMAM-calix-dendrimers (10 pM)
was studied in PBS (pH = 7.4). All investigated G1-G3
PAMAM-calix-dendrimers were found to form submicron as-
sociates with a polydispersity index (PDI) ranging from 0.23
to 0.67 (Table S1). For G1 PAMAM-calix-dendrimers, the for-
mation of the smallest particles (d = 318-357 nm) was ob-
served (Table S1). Among G2 PAMAM-calix-dendrimers, the
formation of the smallest particles was observed in the case
of G2-cone (d = 398 + 19 nm, PDI = 0.39 + 0.02). In the case
of G2-paco, an increase in particle diameter
(d = 674 + 36 nm) was observed, which indicates the possible
formation of vesicular structures due to steric features of the
conformation. Similar behavior was observed for G2-alt
(d = 441 £ 10 nm). G3 PAMAM-calix-dendrimers formed self-
associates with the highest values of hydrodynamic diameter
and PDI (Table S1). The zeta potentials of the studied self-
associates were positive and varied in the range of 4.2-
8.3 mV.

DOI: 10.15826/chimtech.9369
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Figure 2 Fluorescence spectra (PBS, 25 °C, excitation wavelength 280 nm) of PAMAM-calix-dendrimers (10 pM) with 5-Fu (from o to
150-fold excess): (a) Gi1-cone + 5-Fu; (b) G1-paco + 5-Fu; (c) G1-alt + 5-Fu; (d) G2-cone + 5-Fu; (e) G2-paco + 5-Fu; (f) G2-alt + 5-Fu;

(g) G3-cone + 5-Fu; (h) G3-paco + 5-Fu; (i) G3-alt + 5-Fu.

It is also worth noting that the results obtained correlate
with our previous experiments on the self-assembly of
PAMAM-calix-dendrimers in water, PBS, and Tris-HCl
buffer at 25 and 37 °C [28-30].

Next, supramolecular systems based on PAMAM-calix-
dendrimers (10 puM) and 5-Fu (10 pM) in a 1:1 ratio was
studied in PBS (pH = 7.4). There was no aggregation of 5-
Fu under G1 PAMAM-calix-
dendrimers, the particle size increased with the addition of
5-Fu from 318-357 nm to 516-662 nm, and the PDI of the
systems also increased (Table S2). The addition of 5-Fu to

these conditions. For

G2-cone and G2-alt led to an increase in particle size, while
a slight decrease in particle size from 646 to 512 nm was
observed in the case of G2-paco. At the same time, the ad-
dition of 5-Fu to G2 PAMAM-calix-dendrimers led to an in-
crease in PDI (PDI = 0.5) regardless of the macrocycle con-
formation. The zeta potentials of the G1 and G2 PAMAM-
calix-dendrimer/5-Fu systems remained almost unchanged
and were close to 5 mV, confirming the low electrostatic
stability of the systems, which predisposes their tendency
to aggregate. In the case of G3 PAMAM-calix-dendrimers,

50f9

the addition of 5-Fu to G3-cone did not affect the size of the
particles formed and PDI. The addition of 5-Fu to G3-paco
and G3-alt resulted in a decrease in the diameters of aggre-
gates and the PDI values, while the zeta potential values of
the G3 PAMAM-calix-dendrimer/5-Fu systems did not ex-
ceed 10 mV. The unchanged zeta potential values of the
PAMAM-calix-dendrimer/5-Fu systems relative to PAMAM-
calix-dendrimer self-associates indirectly confirm the pre-
viously expressed assumption that 5-Fu molecules bind not
at the surface of dendrimers, but within their internal cav-
ities.

The obtained G3 PAMAM-calix-dendrimer/5-Fu systems
were studied by TEM (Figure 3). TEM images show the submi-
cron particles with diameters of ~250 nm (G3-cone + 5-Fu),
~150 nm G3-paco + 5-Fu, and ~200 nm (G3-alt + 5-Fu). The
difference between the TEM and DLS data can be attributed
to the distinct sample preparation and measurement tech-
niques. The DLS method measures the hydrodynamic parti-
cle diameter of the colloidal system, while the TEM method
provides the size of nanoparticles formed by concentration
and subsequent drying on the surface.

DOI: 10.15826/chimtech.9369


https://doi.org/10.15826/chimtech.9369

Chimica Techno Acta 2026, vol. 13(1), No. 9369

P -e
@) pol
ol » -
N
£
B NS\
-~ .
® o ;
; ® 9 1 pm
“ & o e L5 >

ARTICLE
-
' (c)
- ¥
o & s
- e
“ 1o 1pm 3 s i 1 um

.

Figure 3 TEM images of the PAMAM-calix-dendrimer/5-Fu systems (a) G3-cone + 5-Fu; (b) G3-paco + 5-Fu; (c) G3-alt + 5-Fu.

3.1.3. Loading of 5-Fu into G3 PAMAM-calix-dendrimers
and in vitro release

Due to the similar values of binding constants, G3 PAMAM-
calix-dendrimers were selected as the objects for studying
the loading and release of 5-Fu, as these dendrimers are the
least toxic to human red blood cells and peripheral blood
mononuclear cells [29,30]. The loading and release of 5-Fu
were evaluated by UV-Vis spectroscopy. Encapsulation effi-
ciency (EE) and loading capacity (LC) were calculated using
equations (1) and (2) (Table 2). The EE and LC values were
63.2-70.2% and 9.2-10.2%, respectively. These data corre-
spond well with the published literature data for classical
PAMAM dendrimers [20,25,43]. The EE and LC values in-
creased slightly in the series G3-cone < G3-paco < G3-alt,
which can be explained by the decrease in steric hindrance
of the macromolecule in this series, i.e., G3-alt is the most
symmetrical dendrimer, whose branches less hinder the ac-
cess of drug molecules to the macrocyclic core.

To evaluate the ability of the obtained systems to release
5-Fu, the solutions obtained in the previous stage of the
work were dialyzed (MW = 1 kDa) against PBS. Drug release
was also evaluated by UV-Vis spectroscopy. PAMAM-calix-
dendrimers were found to have a similar kinetic profile for
5-Fu release (Figure 4), but the rate of drug release also
slightly decreased in the order G3-cone < G3-paco < G3-alt.
At the same time, almost complete (~95%) release of 5-Fu
was observed within 4 h.

Table 2 Encapsulation efficiency (EE, %) and loading capacity (LC,
%) of the G3 PAMAM-calix-dendrimer/5-Fu systems.

Values (%) G3-cone G3-paco G3-alt
EE 63.2 65.6 70.2
LC 9.2 9.6 10.2
100 1

—_ |
R sgin P ®
~ 80 A o,
3 ] A
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Figure 4 Release profiles of 5-Fu from the G3 PAMAM-calix-
dendrimer/5-Fu systems in PBS (pH = 7.4, 25 °C).
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3.2. Antitumor activity of the G3 PAMAM-calix-
dendrimer/5-Fu systems

The final stage of this research was the study of the effec-
tiveness of 5-Fu delivery by the developed PAMAM-calix-
dendrimer-based systems to HeLa cancer cells. Figure 5
shows the cytotoxic effect data for G3 PAMAM-calix-
dendrimers of different conformations and 5-Fu at a con-
centration of 25 pM. Two concentrations (0.2 and 1.0 pM)
of G3 PAMAM-calix-dendrimers were chosen to demon-
strate the possibility of a synergistic effect when these com-
pounds are used simultaneously. The concentration of
0.2 pM is optimal for delivering small interfering RNAs and
corresponds to the main working concentration, which is
non-toxic or only slightly toxic, based on our previous stud-
ies [30]. At 1 uM, the first weak toxic effects become detect-
able and differ significantly from the level of no cytotoxi-
city. The 5-Fu concentration of 25 uM was chosen as the
lowest concentration at which resistance to the chemother-
apy was observed in HeLa cells. With an increase in concen-
tration of an order of magnitude, the decrease in cell viabil-
ity did not exceed 5-10%.

The obtained data show a significant synergistic effect
only for G3-alt (0.2 pM) with an increase in the toxicity of
the G3-alt/5-Fu system by ~15% (Figure 5). In the case of
G3-cone and G3-paco, the effect is close to additive. At a
PAMAM-calix-dendrimer concentration of 1.0 pM, the
strongest effect (~20%) was observed for the G3-alt/5-Fu
system, while G3-paco demonstrates a weaker but still no-
ticeable synergistic effect (~10%).

Thus, a positive trend towards overcoming 5-Fu chemo-
therapeutic resistance in an in vitro cell model is noticeable
when using G3-alt, which itself has negligible toxicity. The
results obtained for antitumor activity also correlated well
with the trend of better in vitro release of 5-Fu in the order
G3-cone < G3-paco < G3-alt.

We propose that the primary mechanisms for overcom-
ing 5-Fu resistance [38,44,45] are the dendrimer system's
function as both a masking system and an intracellular de-
pot, ensuring the sustained release of 5-Fu into the cell cy-
toplasm. According to the current hypothesis, polycationic
dendrimer systems enter the cell via endocytosis [13], so
the 5-Fu associated with this system will be protected and
masked within endosomes.
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Figure 5 Cytotoxic effect of G3 PAMAM-calix-dendrimers ((a) 0.2 pM and (b) 1.0 pM), 5-Fu (25 uM), and the combined PAMAM-calix-
dendrimer/5-Fu systems on HeLa cells. The left column represents the sum of the cytotoxic effects when the substances are used sepa-
rately. The right column represents the cytotoxic effect when cells are treated with the PAMAM-calix-dendrimer/5-Fu systems. Data are
presented as percentage of control between untreated (negative) and dead (positive) cells, mean + SD, n = 6. Statistical significance
between the sum of the toxic effects of individual substances and the toxic effects of the combined PAMAM-calix-dendrimer/5-Fu systems
(* p < 0.01; ** p < 0.05) was estimated by the post hoc Newman-Keuls test.

This pathway circumvents the classical nucleoside
transport mechanism that may be impaired, and also by-
passes drug efflux pumps like ABC transporters.

Furthermore, the dendrimer system has the potential to
ensure a constant influx and maintain intracellular 5-Fu
concentrations. Even at a low release rate, it can overload
both the emergency recovery pathways responsible for
short-term protection and the enzymatic system, exceeding
the metabolic capacity of the cells. This metabolic overload
can lead to cell death through generalized systemic meta-
bolic disturbances.

4. Limitations

The limitations of this research include the high polydisper-
sity indices of the G3 PAMAM-calix-dendrimer/5-Fu supra-
molecular systems. The mechanism of association and com-
plexation of PAMAM-calix-dendrimers with chemothera-
peutic drugs and the structure of the PAMAM-calix-
dendrimer/5-FU complex also need further investigation,
including using calculation methods. A more thorough in-
vestigation of toxicity and the mechanisms of biological ac-
tivity, both in vitro and in vivo, is also required in future
studies.

5. Conclusions

This work proposes an approach to creating supramolecu-
lar systems based on poly(amidoamine) dendrimers with a
thiacalix[4]arene core (PAMAM-calix-dendrimers), capable
of binding and delivering 5-fluorouracil (5-Fu). The ability
of the PAMAM-calix-dendrimers to bind 5-Fu was demon-
strated by fluorescence spectroscopy, DLS, and TEM. The
generation (G1-G3) and macrocyclic core conformation of
dendrimers were found to have no significant effect on the
association constant (logKa = 3.15-3.62), indicating a simi-
lar mechanism of drug encapsulation. The formation of sub-
micron associates with polydispersity indices ranged from
0.23 to 0.67 was found for all the investigated PAMAM-
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calix-dendrimers with the smallest particles for the first
generation of dendrimers (d = 318 - 357 nm). The addition
of 5-Fu to PAMAM-calix-dendrimers resulted in a nonlinear
change in particle size, while zeta potentials of the PAMAM-
calix-dendrimer/5-Fu systems remained almost unchanged
and did not exceed 10 mV. TEM images of the PAMAM-calix-
dendrimer/5-Fu systems showed submicron particles
formed by the coalescence of nanoaggregates. The loading
and release of 5-Fu were evaluated by UV-Vis spectroscopy.
The encapsulation efficiency and loading capacity were
63.2-70.2 and 9.2-10.2%,
dendrimers were found to have a similar kinetic profile for
5-Fu release. For all dendrimers studied, 95% release of 5-
Fu was observed within 4 h. A significant synergistic anti-
tumor effect on HeLa cells was observed only for G3-alt
(1.0 pM) with an increase in the toxicity of the G3-alt/5-Fu
system by ~20%. The results obtained for antitumor activ-
ity also correlated well with the trend of improved in vitro
release of 5-Fu in the order G3-cone < G3-paco < G3-alt.

respectively. PAMAM-calix-

Thus, the results obtained clearly demonstrate proof of con-
cept for the design of novel anticancer drug delivery sys-
tems based on macrocyclic dendrimers.
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